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ABSTRACT

The use of detailed CFD modeling for the description of cooling in rocket chambers is
discussed. The overall analysis includes a complete three-dimensional analysis of the flow in the
regenerative cooling passages, conjugate heat transfer in the combustor walls, and the effects of
film cooling on the inside chamber. The results in the present paper omit the effects of film
cooling and include only regen cooling and the companion conjugate heat transfer. The hot
combustion gases are replaced by a constant temperature wall boundary condition. Load
balancing for parallel cluster computations is ensured by using single-block unstructured grids for
both fluids and solids, and by using a ‘multiple physical zones' to account for differences in the
number of equations. Validation of the method is achieved by comparing simple two-dimensional
solutions with analytical results. Representative results for cooling passages are presents
showing the effects of heat conduction in the copper walls with tube aspect ratios of 1.5:1.

INTRODUCTION

Wall cooling is an important issue in rocket combustor design. The very high energy
release rates that are characteristic of rocket engines place a large thermal load on the walls. It
is common practice to use both regenerative cooling inside the walls and some type of cool fluid
layer on the hot side of the walls. In cryogenic engines, supercritical hydrogen is generally used
for regenerative cooling, and additional fuel is placed near the walls for protection on the hot side.
Hydrogen is a very effective coolant, and at the supercritical pressures that are required in the
combustor, there is no issue of dryout or boiling. In addition to preventing dryout, the supercritical
nature of the coolant provides another important heat transfer benefit. As the fluid near the hot
surface of the rectangular passage is heated, it expands rapidly creating a longitudinal vortex
inside the regen passage that effectively sweeps the high temperature fluid away from the wall
and brings the remaining cold fluid to the walls. This vortex structure may be enhanced by, or
cancelled by wall curvature.

In the case of hydrocarbons, the cooling issues are considerably different. If a
hydrocarbon is used for cooling, the coolant temperature must be kept low enough to preclude
fuel cracking. Thus, protecting the coolant from overheating can take precedence over protecting
the wall. This generally implies that fuel film cooling must also be used to keep the wall
temperature lower. The lower thermal expansion coefficient of the hydrocarbon also reduces the
effectiveness of the regenerative cooling, and leads to larger ‘front-to-back’ temperature gradients
that may in turn represent a stronger limitation on fuel heating and result in a very different
optimum coolant passage aspect ratio. Another possible heat transfer issue in hydrocarbon
engines is the presence of radiation.

In the present paper we use computational fluid dynamics to investigate the rocket
combustor cooling characteristics in detail. The global scope of our investigation involves the
regen fluid in the cooling passages, heat conduction in the combustor walls and the hot-side fluid
dynamics, including the presence of fuel films from slot injection points (see Fig. 1). A specific
issue of interest is the three dimensionalities that are introduced by film cooling slots and finite-
width coolant passages. Material degradation in the combustor will most likely be initiated at the
worst-case conditions produced by these three-dimensional non-uniformities. The results in the
present paper are limited to the coupled effects between flow in the regen passages and heat
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Figure 1. Sketch of global combustor cooling problem.

conduction in the wall in the presence of a hot combustion stream. In particular, film cooling is
not considered and the hot gas is taken as a non-reacting fluid.

COMPUTATIONAL MODEL

The computational model is based on our in-house GEMS (General Equation and Mesh
Solver) code [1-3]. GEMS solves the conservation equations for an arbitrary material using a
hybrid structured/unstructured grid. The code divides the computational domain into one or more
physical zones, each of which has a different number or different types of conservation equations.
For example, in the present analysis, there are three zones: the regen cooling fluid which is
handled as a general compressible fluid with a two equation turbulence model giving a total of
seven conservations; the copper walls in which only the heat conduction equation is solved (a
single conservation equation); and the hot combustion gases, which are here treated as a perfect
gas that is again described by seven conservation equations. Other physics including the
representation of the magnetic field and current density in MHD problems [4] have aiso been
treated by the this multiple zone capability using the same code. The diverse physics in the
various regions are handled by making the number and type of conservation equations an input
quantity for each region. The unstructured grid format and the muitiple physical zones allow
efficient load balancing on parallel computer systems. The code is routinely run on a PC cluster.
Results in the present paper are based on using two to eight processors. Follow-on
computations in progress use twenty to thirty processors.

In addition to the conservation equations, constitutive relations are needed to close the
system. Our equation formulation is based on the primitive variables (pressure, velocity and
temperature) and corresponding constitutive relations are also given as general functions of
pressure and temperature. Specifically, the density, enthalpy, viscosity and thermal conductivity
are specified as arbitrary functions of temperature and pressure using algebraic or tabular
functions. The effects of turbulence are incorporated through a k., two-equation, formulation.

The code is widely used and has been validated against a variety of classical fluid dynamics
solutions and/or measurements [5,6].
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Figure 2. Rocket combustor and cooling problem formulation. Computation based on 640
rectangular passages with water as cooling fluid, a copper combustor and a perfect gas to represent the hot
gases. Left side shows overall geometry. Right side shows close-up of computational domain.

RESULTS AND DISCUSSION

The results in the present paper show some preliminary solutions for the conjugate heat
transfer problem in a rocket combustor. The primary emphasis is on understanding the local
temperature and flow fields and verifying that proper trends are obtained. A generic combustor
geometry is shown in Fig. 2 along with the length of the coolant passage that is simulated.
Because the present results are preliminary, we consider only a short, straight passage without
curvature or turns. The fluid chosen as the working fluid in the regen passage is water. Our
interest lies in simulating cooling by RP-1, and the almost incompressible character of the water
should give a reasonably qualitative simulation. The problem envisioned involves a total of 640
passages equally spaced around the perimeter of the combustor. Applying symmetry conditions,
an axisymmetric sector corresponding to 1/1280"" of the combustor was used. A relatively course
grid of about 350,000 cells was used in the present simulations. As boundary conditions for the
computation, we took the temperature of the entering water as 300K and its velocity as 10 m/s.
An adiabatic boundary condition was applied on the
outside surface of the combustor. Upstream
conditions for the ‘combustion’ gases were taken as
3000K and 500m/s. as well as on the intermediate
surface

A three-dimensional schematic of the
computational domain and the converged
temperature profiles is shown in Fig. 3. In this
figure, the flow goes from left to right through the
passage. The lower red area represents the hot
gas, while the upper blue area is the copper wall.
The wall heating by the gas is clearly seen at the
bottom of the copper.

The temperature contours in a series of five
slices across the domain at right angles to the
passage are given in Fig. 4. The plane at the left
shows the temperature contours at the upstream

Figure 3. Three-dimensional schematic of
computational domain and converged pro




end, x = 0. The succeeding plots (from left to right) correspond to x = 10, 30, 50, and 700 mm
downstream. Because of the relatively short length of the tube, the effects of heating are not
large, but several interesting phenomena appear. At the upstream end, the temperature in the
copper increases rapidly with the maximum temperature being at the symmetry plane between
the channels. With distance downstream, the temperature at this symmetry plane first decreases
slightly before again starting to increase. This decrease is a direct reflection of the high
conductivity of the copper (in relation to the conductivity of the cooling fluid) that conducts heat
rapidly away from the copper/hot-gas interface. After this initial decrease, the fluid temperature in
the copper walls again starts to increase (compare contours at 50 and 100 mm). The
temperature in the thin layer of copper between the coolant and the hot gas also decreases with
axial distance, as the boundary layer in the gas thickens. It is emphasized that these results
represent conditions only at the entrance to the tube, and that increasing distance downstream
will continue to show increased heating as the copper and coolant temperature continue to
increase.
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Figure 4. Temperature contours in gas, solid and coolant at five axial locations. Fiow is into the plane of the
paper. Hot gas is at the bottom, copper with embedded coolant passage at the top.

Plan views of the same results are shown in Fig. 5 showing the temperature contours
along the axial direction at four different spanwise locations. This first plot at the upper left shows
the contours on the plane corresponding to the middle of the coolant passage. The plot at the
lower left shows conditions on the plane of the coolant wall. The plot at the upper right
corresponds to a plane that is halfway between the edge of the passage and the symmetry plane
between two passages (.e., one fourth of the way from one passage wall to the next passage
wall). The plot at the lower right is on the symmetry plane between two passages. The results in
this view help to understand and interpret those from Fig. 4.

The plot at the upper left (centerline of the passage) shows that the metal between the
coolant and the hot gas is hottest at the upstream end, and then gets gradually cooled with
downstream distance (as was noted in the cross-stream plots in Fig. 4), followed by the reversal
noted above that will persist for longer distances. The temperature in the gas phase is nearly
constant, but a thin boundary layer can be seen growing adjacent to the combustor surface.
There is also an even thinner boundary layer on the lower surface of the coolant stream, but




overall, little effect of the heating is seen at the in the bulk of the coolant, though one contour line
is present to indicate the expected gradual heat-up in the fluid. Note that this coolant fluid
exhibits only weak compressibility effects, and the vortex development that fosters cross-tube
mixing is not present for a fluid with these physical characteristics. Finally, we note that the
temperature in the copper above the coolant channel is completely insulated from the hot gas and
is unaffected.

The corresponding contour plots on the plane corresponding to the coolant channel /
copper wall interface are given in the plot on the lower left. Here, we again see that the metal
near the hot gas is slightly hotter than in the previous plane (as noted in the cross-stream planes
above). The temperature contours on the wall of the coolant passage show clear indication of
the increasing temperature in the downstream direction. The temperature contours inside the
metal in the two plots on the right of Fig. 5 demonstrate the axial variation in temperature that was
noted earlier. The temperatures are higher at the inlet, decrease with axial distance and then
slowly increase again.

Line plots of the temperature variation across the radial extent of the combustor wall are
given in Fig. 6 for each of three different axial positions, x = 0, x =50, and x =100 mm. Figure 6a
is for conditions at the center of the channel (y = 0). At the channel centerline, the temperature
starts at 3000K inside the hot gas, and remains uniform till the metal surface between the hot gas
and the coolant. Between the hot gas and the copper surface, the temperature drops
discontinuously and then decreases approximately linearly across the copper before stepping
nearly discontinuously to the 300K temperature of the fluid. Even at this initial location, ther is
evidence of a very thin boundary layer in the coolant. The temperature of the coolant remains at
300K until very near the outer wall of the channel where another nearly discontinuous jump is
seen to the 400K temperature of the copper.
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Figure 5. Temperature contours in the longitudinal plane showing contours at the
passage center (upper left), the passage wall (lower left), one-fourth of the way between two
adjacent passages (upper right) and half-way between two passages (lower right). Coolant flow
and hot gas flow are from left to right.




The temperature distribution at x = 50 and x =100 mm are also shown on Fig. 6a. At
these downstream locations, the temperature distribution is qualitatively similar to that at x = 0,
but contains important quantitative differences. The boundary layer in the hot gas is easily seen
in these two distributions which lie nearly on top of each other. The temperature of the copper
section between the hot gas and the wall has nearly disappeared so that this section of the wall is
at nearly a constant temperature and is nearly 400K colder than at the entrance plane. The
boundary layer on the hot side of the coolant still remains very thin (indicative of the very high
Reynolds number in the channel), and nearly the entire coolant stream remains at 300K. There
remains a thin boundary layer on the outer side of the coolant passage, and the copper
temperature remains constant at the same level as at x = 0.

A similar set of three temperature distributions is given in Fig. 6b which corresponds to
the y = 3 plane that represents the coolant channel wall. At this y-location, the temperature
distribution at the entry plane is nearly identical to that at the center of the passage. There is a
very thin boundary layer in the hot gas, followed by a temperature gradient across the copper wall
and a drop in temperature when the radial location corresponding to the inner edge of the coolant
passage. Because this line profile is on the wall of the cavity, there is now a noticeable gradient
across the passage followed by a jump to the original temperature of the copper outside the
passage. The temperature contours at the two down-stream axial locations are quite similar to
those at the channel symmetry plane although the ‘boundary layer at the inward edge of the
coolant passage is considerably thicker.

Conditions at the symmetry plane between two channels are shown in Fig. 6c. At the
upstream end, there is now only a single jumnp in the temperature profile at the hot-gas / copper
wall interface. The temperature profile from this interface to the outer radial extent of the
simulation remains continuous, and decreases monotonically. With further distance downstream
(x=150 and 100 mm) the boundary layer in the gas phase is seen to move slightly deeper into the
hot gas, and the interface temperature decreases substantially from its upstream, inlet value.
The temperature profile in the solid is some 400K lower at the latter two x-stations than at the
upstream end, and the temperature gradient in the copper is much smaller.
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Figure 6. Temperature profiles across combustor wall for three different axial locations, x = 0, 50
and 100 mm. Figure 6a: Center plane of coolant passage; Figure 6b Plane containing wall of coolant
passage; Figure 6¢c Symmetry plane between coolant passages.

3. |-




SUMMARY AND CONCLUSIONS

The detailed characteristics of the temperature contours and heat transfer characteristics
of a regeneratively cooled combustor wall have been studied by means of CFD solutions. The
results are based on a complete turbulent flow analysis of the three-dimensional flow inside the
channel, the heat conduction inside the surrounding copper walls, and a perfect gas analysis of
the hot gas flow inside the combustion chamber. The results show the local characteristics of the
coupled solution in the region near the coolant entrance. In general, the temperature contours
are considerably different from those that would be obtained by computing either the hot-gas
side, the coolant side or the heat conduction in the solid separately. The results show that the
metal temperatures are highest at the inlet plane, then decrease slightly as part of an entry length
effect, and then to increase slowly with downstream distance. The corresponding heat transfer is
highly three dimensional and there are significant tangential variations in the temperature inside
the combustor wall.

On-going work is addressed toward comparing the effects of highly compressible fluids
such as hydrogen with relatively incompressible fluids such as RP-1 to assess the significance of
the physical properties of the working fluid on the heat transfer. Additional efforts are under way
to couple film cooling inside the chamber with the regen cooling analysis, or to simulate the
effects of fuel biasing near the combustor walls.
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